ABSTRACT Integrating the topology design and printing method offers a promising methodology to realize large stretchability for interconnects. Herein, eco-friendly and waterbased Ag nanowires (NWs) inks were formulated and used for screen-printing highly stretchable and flexible interconnects on a large area (more than 335 mm × 175 mm). The stretchability of the interconnects was realized by introducing kirigami topology structures. The topology designed models were established to simulate the influence of kirigami patterns on wire compliance and to estimate the maximum stretchability via finite element analysis (FEA). The mechanic mechanism results demonstrate that an increase of the wave numbers results in larger stretchability, and the rectangular type of wave shows better stretchability than the zigzag and sine structures. Comparatively, the electrical and mechanical properties of the interconnects were measured and analyzed, and the experimental results were consistent with FEA. The electric conductivity of the interconnects is stable at~10,427 S cm −1 even after 1000 cycles of 15.83 mm radius bending, 280% stretching and 200% twisting-stretching deformation, demonstrating outstanding mechanical reliability of the interconnects. The topology designed interconnects have been applied in stretchable flexible light-emitting diode, indicating their broad application prospects in next-generation stretchable electronics.
INTRODUCTION
In recent years, various types of electronic products have become increasingly popular with the continuous development of electronic science and technology. Additionally, stretchable and flexible electronics have drawn increasing attention in the industry, because the stretchability will significantly expand the application range of electronics [1] [2] [3] . Stretchable and flexible conductors are the key to fabricate next-generation stretchable electronics such as stretchable light-emitting diodes (LEDs) [4, 5] , stretchable displays [6, 7] , electronic skin [8, 9] , strain sensors [10] [11] [12] [13] [14] , electromagnetic interference (EMI) shielding absorbers [15] [16] [17] and gun propellant [18] .
The greatest challenge in preparing stretchable conductors is to achieve stretchability and keep them stable under deformation conditions. In general, the stretchability of conductors can be achieved by two methods, including the introduction of intrinsic stretchable materials and specific stretchable structures [19] . For example, in our previous work, highly conductive stretchable interconnects were prepared by using fractal silver particles and polydimethylsiloxane, and the conductors can be bent, stretched to 100% and twisted up to 180° [20] . Moreover, employing specific stretchable structure has drawn increasing attention because of excellent stretchability [21] [22] [23] [24] [25] . For example, Wiley and co-workers [26] reported stretchable conductive composites by using CuAg nanowires (NWs). A serpentine structure prepared by vacuum filtration was introduced and these stretchable composites had a conductivity of 1000 S cm −1 at initial troduction of specific stretchable structures in that work made it possible to achieve large stretchability, its conductivity sharply decreased to 1% when stretched to 300%, and its principle of achieving stretchability need to be further studied. Recently, researchers have studied the topology designs or fractal structures and used the vacuum filtration, photolithography method or laser milling to realize the fabrication of stretchable interconnects. For example, Rogers and Huang's group used photolithography [27] and laser milling method [28] to fabricate stretchable interconnects. However, these methods are high-cost and hard to realize versatile pattern designs. Consequently, it is expected that new manufacturing process should be developed to overcome these shortcomings. Printing technology is the exactly one that is both low-cost and facile to design versatile patterns [29] , which potentially spawned a lot of applications, such as LEDs [30, 31] , thinfilm transistors (TFTs) [32, 33] , sensors [34, 35] , supercapacitors [36, 37] , solar cells [38, 39] , heaters [40, 41] , and anti-counterfeiting [42] . The main methods for printing electronics include inkjet printing, roll-to-roll printing and screen printing [1, 43] . Compared with other printing methods, screen printing technology is simple, low-cost and suitable for large-area application.
A key problem for manufacturing large-area screenprinted stretchable flexible interconnects is to formulate uncomplicated and high-yield material-based inks. Although various inks have been developed, such as Ag flakes [44] , and Ag/AgCl [45] , their preparation processes are complicated, and these reported stretchable flexible conductors either have low electric conductivity or lose remarkable conductivity under large stretching deformation. Comparatively, Ag NWs are a perfect candidate due to its high conductivity and flexibility, and their simple preparation process is suitable for massproduction. However, it is a challenge to develop printed stretchable and flexible conductors with Ag NWs ink because of the difficulty to prepare large-scale uniform Ag NWs and hinder the agglomeration and precipitation.
Herein, Ag NWs were synthesized by a modified solvothermal method to formulate the ink. The printability of the ink was investigated by studying the rheological behavior and viscoelasticity. Then the stretchable interconnects were fabricated by the combination of direct screen printing and kirigami method. The effects of different topology structures and wave numbers on stretchability were investigated by building corresponding models via finite element analysis (FEA). On the other side, the electrical and mechanical properties were further investigated by electrical tensile experiments, which showed great consistence with the FEA results. The optimal interconnect shows a high electrical conductivity of 10,427 S cm −1 and good stability under 1000 cycles of bending, stretching and twisting-stretching. 
EXPERIMENTAL SECTION

Materials
Synthesis of Ag NWs
Ag NWs were synthesized by a modified solvothermal method. Firstly, PVP (1.665 g) and CuCl 2 (0.0019 g) were dispersed in 100 mL of EG. AgNO 3 (1.7 g) was dissolved in 100 mL of EG. Then, the PVP-CuCl 2 solution was added to the AgNO 3 solution dropwise. The mixed solution was transferred to a 250 mL autoclave and heated at 160°C for 4 h. The Ag NWs were washed for several times by using ethanol and water. Finally, the products were dissolved in ethanol for the formulation of Ag NWs ink.
Formulation of Ag NWs ink for screen printing
The Ag NWs ink was formulated by mixing Ag NWs with PVP. Firstly, PVP (0.01 mol) was dissolved in 5 mL of ethanol and 5 mL of deionized water to form the additive solution. Then, 1 g of Ag NWs solution (10.56 wt% in ethanol) and 0.4 mL of 1 mol L −1 PVP additive solution were mixed, and then sonicated and stirred for 5 min to formulate the Ag NWs ink.
Fabrication of the stretchable and flexible Ag NWs interconnects
The stretchable and flexible interconnects were fabricated by screen printing and kirigami method. Firstly, The polyester (PET) film was cleaned by ethanol and deionized water. Next, Ag NWs ink was printed on PET using a 300 mesh counts screen plate with multifarious patterns. Then the printed PET was sintered at 120°C for 30 min to remove the solvent and reduce the resistance. After being cooled to room temperature, the patterned PET was cut along the pattern to gain the stretchable and flexible interconnects.
Characterizations
The morphologies of Ag NWs and printed tracks were characterized by scanning electron microscopy (SEM, Hitachi S-4800). The sheet resistance of the stretchable and flexible interconnects was measured at room temperature by using a four-point probe resistance tester (FP-001). The rheological behavior and oscillating rheological behavior of the Ag NWs ink were studied using a Kinexus pro rotational rheometer. The stretchable and flexible interconnects were fixed on a customized stage to study the real-time sheet resistance under bending and stretching state using a Keithley 2400 source meter. The uniaxial tensile mechanical characteristics of the varied layouts were exploited via FEA performed with ABA-QUS ® standard.
RESULTS AND DISCUSSION
A schematic diagram of the fabrication of stretchable flexible interconnects is demonstrated in Scheme 1. Firstly, the Ag NWs were synthesized by a modified solvothermal method, in which the volume of the solution was 10 times that of our previous work [46] . After being washed several times, the water-based screen printing ink was prepared by combining the as-prepared Ag NWs solution with PVP binder. Most of the stretchable substrates, such as fabric and rubber, have poor printability; in other word, it is hard or complex to print versatile patterns on stretchable substrates. Consequently, conventional PET substrate was selected here because it is easy to be printed on and frequently-used in electron industry. A 300-mesh screen plate with customized patterns was used to screen-print the ink onto the PET substrate. Then the screen-printed PET was sintered at 120°C for 30 min. The final stretchable and flexible interconnects were obtained by cutting the screen-printed PET along the pattern with traditional kirigami method. Fig. 1a shows that the prepared Ag NWs have a uniform morphology with an average diameter of 141.53 nm and a length of 39.96 μm, which is beneficial to form a good conductive network structure. The formulated Ag NWs ink consists of three elements, the Ag NWs as the conductive components, PVP as the binder, and water and ethanol serving as the solvent. The printability of the ink was investigated by studying the rheological behavior and viscoelasticity. As shown in Fig. 1b scraping, the viscosity returns to 88.89 Pa s at 78 s and the percentage of recovery is over 94%, demonstrating good elasticity of the ink, which is attributed to the uniform morphology and network structures of Ag NWs. In this process, the ink can be uniformly formed into a film after screen printing. Furthermore, the viscoelasticity of the ink was studied by an oscillating rheological measurement. Fig. 1c demonstrates the change of storage modulus (Gʹ) and the loss modulus (G˝) of the ink. The change of G˝/Gʹ ratio as a function of shear stress is demonstrated in Fig. 1d . As shown in Fig. 1c , there are three regions: firstly, a compact structure between Ag NWs is formed. Therefore, the structure of the ink is not damaged by external shear stress in this region. At this time, the ratio of G˝/Gʹ is about 0.41 (Fig. 1d) . In the second region, Gʹ and Gd ecrease as the shear stress increases, indicating the structure of the ink is gradually destroyed. However, the storage modulus is still greater than the loss modulus, and the ink still exhibits more solid behavior. The third region starts from the storage modulus equal to the loss modulus (shear stress is about 1.735 Pa). As the shear stress further increases, the loss modulus is gradually larger than the storage modulus, and the ink behavior gradually flows to the fluid. If the corresponding shear stress at the junction is too large, the ink will stick to the plate and block the mesh. Fig. 1d shows the change of G˝/Gʹ as a function of shear stress. The smaller the ratio of G˝/Gʹ, the larger the viscosity of the ink, and the more difficult it is to pass through the screen. An excessive G˝/Gʹ ratio means that the viscosity of the ink is too small, and it is easily diffused after passing through the screen mesh, resulting in a decline in the printing accuracy. As presented in Fig. 1e , owing to the good printability of ink, a distinct image is printed over a large area (335 mm × 175 mm) on PET. The inset in Fig. 1e is a typical photograph of the asprepared Ag NWs ink. In addition, the optical photograph of the screen printer, just printed PET and curly full-printed flexible PET are presented in Fig. S1 (see Supplementary information). The top view SEM image of the printed tracks is shown in Fig. 1f , and the homogeneous distribution of Ag NWs reveals compact connection of Ag NWs after sintering treatment, which is crucial to forming a good conductive path. As shown in the inset of Fig. 1f , the cross-section view SEM image shows that the thickness of Ag NWs layer is about 5 μm. The low sheet resistance (0.19 Ω/sq) results from the uniform high aspect ratio Ag NWs and the dense interconnected Ag NWs.
Different topology arrangements are considered as an important factor influencing the wire compliance. By varying the wave numbers and wave types, the stretch- ability of the pre-designed layouts was characterized by the uniaxial tensile simulations via FEA. Detailed analyses of the effects of these geometric parameters on mechanical stretchability are provided. Three distinct layouts were investigated, each of which was arranged periodically with different number of waves. The cross-section is assumed to be identical in all defined patterns, and it has the width of 1.5 mm and thickness of 0.15 mm. Rectangular and zigzag wave layouts were constrained by overall scale, keeping the number of waves changed only. The sine wave layout was controlled by the equation as follows:
where N is varied from 1 to 6 correspondingly (0 ≤ t ≤ 1). During the tensile simulation along the x direction, all structures were considered to be free-standing to focus on the mechanical properties of the wave defined patterns. For a more accurate prediction of the stretchability of the varied kirigami topologies, one end of the wire-like structure was fixed initially while four degrees of freedom were remained for the other end leaving the folding wave in the middle free to be stretched without severe out-ofplane wrinkling deformations. The tensile-bending coupled deformations of the configuration as a result of increasing displacement loads were measured. Meanwhile, the strains of the layouts were monitored when the limit strain of the parent material was reached, which meant the stretch deformation was about to break in any section. Based on the advancing front algorithm, the patterned wires were meshed using three-dimensional solid models (C3D8I). Four different mesh densities were analyzed in case of the rectangular wave: mesh-1 with 4695 elements, mesh-2 with 6768 elements, mesh-3 with 11,352 elements and mesh-4 with 18,810 elements in the assembly (mesh size was 0.30, 0.25, 0.20, and 0.15 mm, respectively). While the element size of 0.15 mm was used for all the tensile simulations in this study, adequately enough for the comparative investigation of the geometry effect on the tensile mechanical behaviors. Fig. 2 shows the deformed configurations and stress distribution of the rectangular wave in response to the maximum strain applied at varied wave numbers. With the increase of the wave number, the rectangular type of wave layout achieves a higher ultimate strain (ε) as marked in Fig. 2 . All of the wires break before being stretched into straight and the final degree of straightness depends on the wave number. A symmetry stress distribution is observed in each of the layout, and thus we can focus on the representative pattern including the half of parallel part (left) and the half of adjacent perpendicular part (right), as shown in the drawing of partial enlargement (see the drawing inside the frame in Fig. 2) . It is found that the maximum stress locates around the inner corner and the periphery of external corner, which predicts the first break location of the structure. The deformed layouts also indicate that the part parallel to the tensile direction endures higher stress than the perpendicular one as the larger area of blue contour are observed in perpendicular part. Both the sine and zigzag type wave of layouts show similar tendency, except that the stress distribution is symmetry in left and right part of each layout. This results from the symmetry of the structure as illustrated in Figs S2 and S3 . For the comparison among three wave types, eighteen finite element models were constructed (summarized in Fig. 3a for analysis. In case of two wave number of the layouts, the geometries before and after deformation are presented in Fig. 3b-d . It can be seen that the rectangular type of wave shows the best stretchability, while the zigzag wave is relatively inferior. Despite the constraint over the z-direction, out-of-plane displacement is observed in the overlap region (for example, as pointed out in Fig. 3b ) predicting the strong tendency of out-of-plane deformation in experimental tests.
The ultimate strains obtained from FEA are displayed in Fig. 4a for the three configurations as a function of wave number. We can conclude that these distinct layouts affect the stretchability via the degree of folding complexity. An increase of the wave number in the layout results in the improvement of the ability to bear greater stretch strain. Meanwhile, the final deformed structure deviates more severely from the straight line (see Fig. 2 , Figs S2 and S3) . The rectangular type of wave wires is found to have the greatest stretchability, followed by sine wave and zigzag wave wires.
After we investigated the influence of topology designs on the maximum stretchability via theoretical FEA calculations, we used printing method and kirigami method to apply the topology design to the electrode. We further investigated the mechanical reliability of the interconnects based on three kinds of basic structures by experimental tests. The relative resistance changes of interconnects under stretching state are present in Fig. 5 . The photographs of typical samples based on 3 kinds of topology structures are presented in Fig. S4 , which illustrates that these interconnects have a high resolution. The resistances of different printed interconnects with same geometry are similar; for instance, the average resistance of the interconnects with 1 zigzag is 7.23 Ω. As shown in Fig. 5 , the tensile limits of interconnects based on zigzag increase from 17% to 209% with increasing number of waves; the tensile limits of interconnects based on sine wave increase from 18% to 271% with increasing number of waves. Similarly, the tensile limits of interconnects based on rectangular wave increase from 59% to 302% with increasing number of waves. It is concluded that tensile limit increases with increasing number of basic structures. Furthermore, the tensile limit of interconnects based on rectangular waves is always the highest. The interconnect with 6 rectangular waves has the highest tensile limit of 302%.
Comparisons between FEA and experimental tests are quantified in Fig. 4 . The solid lines denote the experimental results and the dashed lines represent the FEA results. Excellent agreement between the experimental and numerical approaches is observed, and specially, the rectangular type of wave layout possesses much better stretchability than the other two layouts. Fig. 4c -e respectively show the calculated tensile strains of zigzag wave, sine wave, and rectangular wave layouts for both numerical analysis and experiments, and it can be seen that acceptable differences exist mainly in the sine wave and zigzag wave layouts. For the experimental investiga- tions, ultimate strain was calculated till the whole section was broken and a perfect corner condition between disoriented wires cannot be manufactured, while an ideal sharp corner was adopted in FEA model. Otherwise, it shows great consistence with the experimental test when viewed from the overall trend, which verifies the feasibility of the novel manufacturing process. Fig. 6a presents the results of the relative resistance of the optimal interconnects as a function of bending cycles. The bending radius is 15.83 mm, and the bending and release time is 1 s. The resistance of interconnects remains almost unchanged after 1000 bending-releasing cycles. Fig. 6b presents the relative resistance under stretching cycles, the strain of stretching cycle is 280%, and the speed and duration of each stretching and release are 1.68 cm s −1 and 10 s, respectively. The resistance of interconnects remains almost unchanged after 1000 stretching cycles. Fig. 6c presents the relative resistance under the twisting-stretching. The strain of twistingstretching cycle is 200%, the angle of twist is 180°, the speed and duration of each twisting-stretching and release are 1.20 cm s −1 and 10 s, respectively. The resistance of interconnects remains almost unchanged after 1000 stretching-releasing cycles. In addition, the adhesion of the Ag NWs ink pattern was tested and the results are shown in Fig. S5 . It demonstrates that the resistance of the interconnects is stable after 20 tape test cycles. Furthermore, the relative change of resistance is only 0.3% after 165 days, demonstrating excellent air stability of the Ag NWs patterns. As shown in Fig. 6d , for the previously reported stretchable interconnects, their conductivity is either low, or the stretch rate is very low, or it declines sharply under stretching state [26, [47] [48] [49] . Comparatively, the interconnects in our work possess outstanding performance in three aspects: conductivity, stretchability, and the stability at large stretching state. The outstanding electromechanical performance can be proved by simple circuits. As shown in Fig. 7 , the LED is lit after applying the voltage of 6 V to the interconnects. The brightness of the LED remains unchanged even if the interconnects are under bending, stretching, twisting and twisting-stretching states. Fig. S6 and video S1 (in Supplementary information) present the stretchable LED circuit with 6 units of rectangular wave at different percentage of strain, illustrating the brightness of the LED is stable during 280% stretching and releasing. In addition, a stretchable flexible LED circuit was attached to a knee (see Fig. S7 ), and its brightness is stable after bending and stretching. Similarly, it can be applied to other joints of body or robots, which proves its broad application pro- Figure 6 The relative resistance of the optimal interconnects as a function of (a) bending cycles, (b) stretching cycles, and (c) twisting-stretching cycles; (d) change of conductivity under stretching state. spects in wearable electronics. All in all, we can foresee that these electrodes can be used as multi-function components, built into clothing, skin or wearable electronics, which will greatly affect people's electronic life.
CONCLUSION
In summary, the Ag NWs were obtained through a onepot solvothermal method. The water-based screen printing ink was formulated by combining the as-prepared Ag NWs solution with PVP addition agent. Additionally, the Ag NWs ink possesses viscosity of 94.51 Pa s when the shear rate is 0.1 s −1 , simultaneously showing good rheological behavior during printing. The as-obtained Ag NWs ink was screen printed to PET through a topology designed screen plate, and then the topology designed interconnects were gained by kirigami method. The antistretching of interconnects was investigated by theoretical FEA calculations and experimental electrical tensile tests. Both results simultaneously showed that an increase of the wave number generated larger stretchability, and additionally the rectangular type of wave showed the best stretchability. Especially, the optimal interconnects based on 6 rectangular waves had the largest stretchability (302%). Moreover, the interconnects possess outstanding mechanical reliability, so that the electric conductivity is almost unchanged at~10,427 S cm −1 after 1000 cycles of bending at 15.83 radius, stretching at 280% or twistingstretching at 200%. The interconnects were successfully applied to stretchable flexible LED circuit. Thus, the interconnects reported here are promising for applications in the areas of stretchable electronics. In the future, we can use the die cutting to achieve large scale production, which is a process to use a machine for mass producing a single cut-out shape.
